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Abstract 
Biodegradable polymers such as poly(lactic) acid (PLA) have been studied for biomaterials applications such as natural human 
ligament replacement, however these materials could be applied to other sectors as aerospace, aeronautics, automotive, food 
packaging. PLA presents a relatively brittle with a mode I fracture behavior, being often blend with other biodegradable or non-
degradable polymers to improve its fracture energy. For some existing applications, PLA components exhibit accumulated 
permanent deformation resulting from dynamic mechanical inputs, resulting on failure by laxity of parts. Aiming the 
improvement of PLA mechanical properties, the inclusion of carbon nanofillers into PLA matrix, in particular, CNT-COOH and 
GNP have been developed, due to their strong sp2 carbon-carbon bondings and their geometric arrangement that enhance 
mechanical properties of the polymer matrix. PLA and nanocomposites were produced by melt blending followed by 
compression molding in a hot press, with small weight percentages of nanofillers added to the matrix. Quasi static tensile tests 
were performed on a mechanical testing machine (Instron™ ElectroPuls E1000) along with failure analysis of specimens with 
centered crack with digital image correlation, revealing strain distribution along specimens.  
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Biodegradable polymers have been researched for several applications in biomedical sector, as well as for 
automotive, aeronautics and aerospace applications, improving the autonomy and efficiency of the life cycle of 
components. However, polymers present reduced mechanical properties, namely toughness, tensile strength and 
fatigue resistance, promoting components and devices early failure.  
Composites from biodegradable polymers have been the highlight research enabling optimization of components 
performance and production. Composites can be prepared from modifications on the matrix by the addiction of 
fillers or nanofillers.  
For this study an aliphatic polyester, polylactic acid (PLA) has been chosen to be modified within is matrix with 
carbon nanostructures, in particular functionalized carbon nanotubes (CTN-COOH) and graphene nanoplatelets 
(GNP). The addiction of these nanofillers was made by melt mixing and compression moulding. 
The analysis of the dispersion or isotropy of the mixtures is fundamental for the mechanical behavior analysis and 
performance of the nanocomposites. 
 
Nomenclature 
AOI Area of interest 
CCD Charge-coupled device 
CNT Carbon nanotubes 
CNT-COOH Functionalized carbon nanotubes 
DIC  Digital Image Correlation 
FDA Food and Drug Administration 
FTM Feature Tracking method 
GNP Graphene nanoplatelets 
PCL  Polycaprolactone 
PDO  Poly(dioxanone)  
PGA Polyglycolic acid 
PLA Poly(lactic) acid   
SEM Scanning Electron Microscopy 
 
1.1. PLA and PLA nanocomposites 
Biodegradable polymers, particularly aliphatic polyesters [1], have been studied for several applications, such as 
PLA [2], PGA, PDO [3] and also biodegradable copolymers, like PLA/PCL, PLA/PGA [1,3]. 
PLA has a semicrystalline structure (37% of crystallinity), is hydrophobic [4], with and high elastic modulus 
(around 4.8GPa) and a glass transition temperature between 60-65ºC [2,5]. All these properties depend on molecular 
weight and production parameters as well as its degradation rates. Those can be controllable, by modifying its 
chemical composition, molecular weight or crystallinity [6-8], or by adding other biodegradable polymers to the 
matrix, turning it into a copolymer. PLA presents a relatively brittle behavior under tensile loading. It has a mode I 
fracture behavior, being often blend with other biodegradable or non-degradable polymers to improve its fracture 
energy [2,9]. 
Some previous results [1] revealed the need to mechanically reinforce some of these polymers and copolymers, 
avoiding permanent plastic deformation. Some attempts have been made to reinforce PLA mechanical properties, 
through copolymers [10] and composites fabrication [11-13]. A solution for polymer nano reinforcement has been 
researched, with carbon nanostructures such as graphene and carbon nanotubes (CNT) [14]. CNT have extremely 
good mechanical properties due to their strong sp2 carbon-carbon bondings and their geometric arrangement [15]. 
Experimental measurements show their elastic modulus varying between 0.81 and 1.81TPa [16,17] and their tensile 
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strength up to rupture between 50 and 200GPa [17,18], being tougher and with higher stiffness [19], depending on 
single-walled or multi-walled CNT. 
Due to their great mechanical and physical properties, CNT are considered as the ideal reinforcement fillers on 
composites, once a small amount of it could promote significant increase on the mechanical properties of the 
polymers [20]. This increase could be larger considering an high dispersion production methods [21,22] and an high 
interfacial adhesion between CNT and the polymer [23], that could be developed by the use of functionalized CNT 
[25-27], with hydroxyl and carboxyl functional groups on CNT walls [25]. As nanofillers CNT can also be more 
successful than others attending to its reduced diameter and its high surface-volume ratio, however a good 
dispersion is more difficult to achieve [20]. 
There are some polymers and CNT mixing methods for nanocomposites production, less aggressive and toxic 
than others, particularly melt blending [27-29] and solution mixing [30,31]. These studies showed good dispersion 
and interfacial adhesion results [32,33], with an increase of the storage mechanical modulus and high glass 
temperature transition of nanocomposites [34].  
This work presents a comparative experimental study carried out on PLA, PLA/GNP and PLA/CNT-COOH 
nanocomposites. Mechanical properties such as Young’s modulus, tensile strength, elongation at break and 
toughness were determined. Strain tensile fields were measured on specimens to analyze isotropy of the mixtures.  
Several interferometric and white-light non-contact optical techniques have been proposed in experimental solid 
mechanics. Hence tests were coupled with non-destructive image-based methods to measure the strain field with 
higher accuracy [35-37].  
 
2. Materials and Methods 
2.1. Materials  
PLA with high molecular weight (170 000 gmol-1) acquired from Natureworks™ LLC (USA) was prepared by 
melt blending followed by compression molding. Temperature for both processes was above melting temperature, 
near 190ºC.  
For PLA/CNT.COOH and PLA/GNP nanocomposites production, small weight percentages (0.2 to 2wt.%) of 
CNT-COOH (Nanocyl®, Belgium) and GNP (XG Sciences, Lansing®, MI, EUA) were added, separately, to PLA 
matrix, using the same processes. Thin sheets of about 0.43mm were produced for PLA and nanocomposites. 
For this study, only 3 types of specimens were selected, namely, PLA, PLA/GNP2 and PLA/CNT-COOH0.7 due 
to its contribution to mechanical properties improvement of the PLA matrix.  
2.2. Quasi-Static Tensile Tests  
Quasi-static tensile tests (a deformation rate around 10-4 s-1) were performed according to standard ASTM D882 
norm [38] to obtain materials mechanical properties. Following the norm, specimens were cut in a dog bone format 
with a gauge length of 80mm and 10mm width, grip section of 15mm width and 20mm length, and overall length of 
140mm.  At least three specimens were considered for tensile tests results. 
Tests were performed up to rupture, under displacement control, at a rate of 2mm/min on a mechanical testing 
machine (Instron® ElectroPuls E1000) along with FTM [37, 39] to an accurate measurement of strain. This method 
is suitable for evaluating average strains since uniform strain fields are expected at the gauge section. Moreover, this 
technique has the advantage of requiring simpler specimen preparation than counterparts non-interferometric 
method such as and a grid transfect procedure. The FTM required painting a few marks (local features) over the 
region of interest, in the gauge length of each specimen, with a suitable colour, shape and size. 
A camera-lens optical system was used for image grabbing. A CCD 8-bit Baumer Optronic FWX20 camera 
(resolution of 1624 × 1236 pixels2) was coupled with a telecentric lens. The working distance was set to 103.5 mm, 
yield a magnification factor of 0.018 mm/pixel. A lighting system was used for uniform illumination during tests.  
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2.3. Strain field measurements 
Specimens of 80x21x0.43mm3 of PLA and nanocomposites were used to measure strain field during tensile tests. 
A 1.5mm hole was drilled in specimen center in order to increase strain gradients during the test. This approach 
applied to easily observe the influence of different density distribution of the embed nanoparticles, into the PLA 
matrix, in the strain field around the specimen. 
Tensile tests were carried out in the same mechanical testing machine in displacement control, using 0.5mm steps 
from 0mm to 3mm, considering measurement data up to 1.5mm, first broken specimen. Although the test is 
expected to be considered a plane stress state (2D), a 3D configuration DIC system was used in order to monitor any 
out-of-plane displacement that could occur during the experiment [37, 40]. 
3D DIC setup included two 5MPixel CMOSIS cameras with two Quioptic Rodagon 80mm focal distance lenses. 
The software used for image post-processing was the VIC-3D™ from Correlated Solutions. Fig.1 illustrates the DIC 
system setup and its relative position to the Instron® machine. 3D DIC requires a random painted texture (speckle) 
on specimens surface. 
The acquired images were processed with a 45 Pixel and 4 Pixel, subset and step size respectively. The images 
were filtered using a low-pass filter and the strain computation was made by considering a Lagrangian tensor with a 
filter size of 35 within an AOI as the one presented in 2. In order to make the results easier to read the different 
coordinates systems for each specimen were oriented with the best plane fitted to each reference reconstructed 
surfaces. 
 
   
Fig. 1. DIC system setup (left). Specimen after strain measurement testing (center). Selected area of interest used for image processing (right) 
Isotropy and morphology of PLA and nanocomposites was assessed by the strain field and tensile strength 
analysis, depending on the used scale and the used algorithm. 
3. Results and Discussion 
3.1. Quasi-Static Tensile Tests Results 
Results from quasi-static tensile tests are presented in Table 1, corresponding to an average of three samples 
tested for each type of film, with Young modulus, Poisson ratio calculation, tensile strength, elongation at break and 
toughness. Young modulus and the Poisson ratio were determined by least-square regression to the stress-strain 
curve and Y strain-X strain curve, respectively. 
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  Table 1. Quasi-static tensile mechanical results 






Poisson Ratio Toughness 
(MPa%) 
PLA 59.903±4.927 1.858±0.061 3.986±0.421 0.332±0.019 93.942±10.720 
PLA/CNT-COOH0.7 72.222±1.516 2.251±0.402 4.860±0.468 0.305±0.017 114.692±6.343 
PLA/GNP2 58.557±3.993 1.603±0.233 4.917±0.153 0.317±0.003 63.329±12.118 
 
PLA presents a 4.107GPa Young modulus, tensile strength of 62.701MPa, elongation at break of 1.841% and a 
toughness of 93.9MPa%. When compared with PLA, nanocomposites reveal a considerable increase on Young 
modulus, of 21.9% for PLA/CNT-COOH0.7 and 23.3% for PLA/GNP2. Tensile strength and elongation at break for 
nanocomposites demonstrated an augmentation of 20.6% and 21.2%, respectively, for PLA/CNT-COOH0.7 
nanocomposite, however for PLA/GNP2 have a decrease of 2.2% and 13.7% respectively. These results can be 
confirmed by the toughness calculation, i.e. the amount of energy per volume absorbed before rupture. Thus for 
PLA/CNT-COOH0.7 toughness increases remarkably 22.1%, on the other hand, PLA/GNP2 decreases 32.6%, when 
compared with PLA. 
  
 
Fig. 2: Tensile tests results: comparative study of PLA, PLA/GNP2 and PLA/CNT-COOH0.7. 
3.2. Strain Field 
Besides its ability to detect spatial displacements 3D DIC algorithms also include surface reconstruction by using 
stereographic principles. This feature allows identifying possible spatial distortions of the specimen, before the test, 
that could affect the measured results. The maximum distortion amplitude found was in the PLA/CNT-COOH0.7 
specimen with a total value of 0.366mm that represents 1.74% of the specimen width. The tridimensional surface 
reconstruction of the AOI for the different specimens can be found in Fig.3. 
 
 
Fig. 3: Tridimensional reconstruction of the AOI for the three different tested specimens. 
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It is assumed that there was no significant influence in the specimen positioning in the machines grips that could 
affect the measured results.  
A comparison between the strain in the principal direction, ε1, and the strain in the vertical direction, εyy, can infer 
about the right angular orientation of the specimens in the different tests. An example of this comparison is 
presented in Fig.4, where a strong agreement between the both the mentioned strain fields is shown. 
 
 
Fig. 4: Strain field in the principal direction (left) and in the vertical Direction (right) for PLA specimen for the 1.5 mm displacement. 
Since the earlier states of the test, even for the smallest imposed displacement discontinuities in the strain fields 
were observed for the different composites. Such differences can be seen in Fig. 5. All the images are represented 
with the same legend and colour axis. As it can be seen, the PLA specimen was the one that presented the most 
uniform strain field as expected. The existence of a strain gradient in the upper and lower sections of the AOI can be 
explained by the effect of the grip over the specimen body. On the other hand the PLA/GNP2 specimen was the one 
that presented the less uniform strain field. The dashed lines in Fig. 5 pretend to mark the specimen sections with the 
highest strain values. These abnormal strain distribution may be explained by different density distribution in the 
embed nanoparticles affect the materials properties in specific sections. These can be explained by SEM analysis 
 
 
Fig. 5: Strain fields for the PLA (Left), PLA/CNT-COOH0.7 (Center) and PLA-GNP2 (Right) for 0.5mm displacements. 
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4. Conclusions 
Despite having improved Young modulus when compared to PLA, results for PLA/GNP2 as a nanocomposite 
were not so successful, with a decrease on toughness, not being able to reinforce PLA matrix. 
Nevertheless PLA/CNT-COOH0.7 nanocomposites showed a real reinforcement of PLA matrix, revealed by 
mechanical properties results, especially toughness, meaning that PLA/CNT-COOH0.7 nanocomposites have the 
ability to absorb more strain energy before rupture. This leads to conclude that the transfer of the load was done 
from PLA matrix to the CNT-COOH0.7 denoting a real reinforcement of PLA-matrix, with the load transfer from 
the polymeric matrix to nanofillers. 
Analyzing strain fields with DIC measurements, it is possible to induce isotropy on PLA/CNT-COOH0.7 
nanocomposites as well as in PLA. These specimens presented more uniform strain field when compared. 
PLA/GNP2 specimen was the one that presented the less uniform strain field which can be explained by different 
density distribution of GNP on the matrix which can affect the materials properties in specific sections, creating 
fragile points of rupture. For instance, PLA/GNP2 possible anisotropy did not affect the Young modulus 
improvement of PLA, but could have affect tensile strength and toughness results. 
SEM analysis should be done in order to analyze microstructure and morphology of specimens, validanting 
dispersion and isotropy results. 
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